Ribbon synapses of photoreceptor cells and bipolar neurons in the retina signal graded changes in light intensity via sustained release of neurotransmitter. One molecular specialization of retinal ribbon synapses is the expression of complexin protein subtypes Cplx3 and Cplx4, whereas conventional synapses express Cplx1 and Cplx2. Because complexins bind to the molecular machinery for synaptic vesicle fusion (the SNARE complex) and modulate transmitter release at conventional synapses, we examined the roles of ribbon-specific complexin in regulating release at ribbon synapses of ON bipolar neurons from mouse retina. To interfere acutely with the interaction of native complexins with the SNARE complex, a peptide consisting of the highly conserved SNARE-binding domain of Cplx3 was introduced via a whole-cell patch pipette placed directly on the synaptic terminal, and vesicle fusion was monitored using capacitance measurements and FM-dye destaining. The inhibitory peptide, but not control peptides, increased spontaneous synaptic vesicle fusion, partially depleted reserve synaptic vesicles, and reduced fusion triggered by opening voltage-gated calcium channels under voltage clamp, without affecting the number of synaptic vesicles associated with ribbons, as revealed by electron microscopy of recorded terminals. The results are consistent with a dual role for ribbon-specific complexin, acting as a brake on the SNARE complex to prevent spontaneous fusion in the absence of calcium influx, while at the same time facilitating release evoked by depolarization.
Introduction
The synaptic terminals of sensory neurons in the retina and inner ear release neurotransmitter tonically, and their active zones are characterized by a specialized organelle, the synaptic ribbon, which tethers large numbers of synaptic vesicles (Matthews and Fuchs, 2010) . Although ribbon synapses share many molecular constituents with conventional synaptic active zones (Schmitz, 2009; Zanazzi and Matthews, 2009 ), an exception is complexin, which is a small, soluble protein that interacts with the molecular machinery of synaptic vesicle exocytosis, the SNARE complex (Brose, 2008; Maximov et al., 2009; Xue et al., 2010; Hobson et al., 2011; Martin et al., 2011) . Mammals possess four complexin (Cplx) genes: conventional synapses express primarily Cplx1 and Cplx2, while retinal ribbon synapses express Cplx3 or Cplx4 (Reim et al., 2005) . Mice lacking both Cplx3 and Cplx4 have visual impairment, an abnormal electroretinogram, and retinal ganglion cells that respond less well to light Landgraf et al., 2012) , suggesting that these Cplx subtypes are required for normal synaptic transmission in the retina.
Previously, we investigated the function of the ribbon-specific Cplx3/4 subtypes in zebrafish (Vaithianathan et al., 2013) , whose genome contains five genes related to mammalian Cplx3/4 (Zanazzi and Matthews, 2010) . Because of the large number of Cplx3/4 isoforms that could potentially be expressed at zebrafish ribbon synapses, the previous work used an inhibitory peptide consisting of the SNARE-binding domain (SBD) of mouse Cplx3, which is expected to acutely interfere with binding of all Cplx isoforms to the SNARE complex. Actions of Cplx are somewhat variable across species and cell types (Brose, 2008) and depend on molecular context (Neher, 2010; Yang et al., 2013) , making it important to investigate Cplx3/4 function at mammalian ribbon synapses as well. Therefore, in the present study, we used the inhibitory peptide to examine Cplx function in synaptic terminals of ON bipolar neurons from mouse retina. The results show that acutely interfering with Cplx function increased spontaneous release and inhibited evoked release in mouse bipolar neurons. We conclude that ribbon-specific complexin serves the dual functions of clamping spontaneous vesicle fusion and potentiating fusion triggered by calcium influx at mammalian ribbon synapses, much like the actions postulated for other complexins at conventional synapses.
Materials and Methods
Fluorescence imaging and patch-clamp recording. Bipolar neurons were dissociated from the retinas of adult male C57BL/6J mice after papain digestion as described previously (LoGiudice et al., 2008) . For experiments using FM4-64 uptake and destaining, FM-dye uptake was stimulated by incubation in high-K saline (80 mM KCl) plus 5 M FM4-64 (Biotium) for 90 s, followed by washing with 1 mM Advasep-7 (Biotium). Cells were selected for patch-clamp recording based on intact morphology and uptake of FM4-64 restricted to synaptic terminals and were voltage clamped via a whole-cell pipette placed directly on a synaptic terminal, using an EPC-9 amplifier controlled by PatchMaster software (HEKA). The pipette solution to isolate Ca 2ϩ current was described previously (LoGiudice et al., 2008) . Capacitance measurements used 1600 Hz sinusoidal voltage-clamp stimuli with peak-to-peak amplitude of 10 mV centered on the holding potential (Ϫ65 mV). Single confocal optical sections of synaptic terminals were acquired using an Olympus FV-1000/IX-81 laser-scanning confocal microscope controlled by Olympus FV10-ASW software. Photoxicity was avoided by minimizing light exposure and intensity. Images were analyzed using ImageJ (imagej.nih.gov).
Immunocytochemistry. Preparations of mouse bipolar neurons were fixed ϳ20 min after dissociation for 15 min at room temperature in 4% paraformaldehyde in PBS. Immunofluorescence staining was performed as described previously (Van Wart et al., 2007) using mouse monoclonal anticomplexin-3 (Synaptic Systems, 122311; 1:200), mouse monoclonal anticomplexin-4 (Synaptic Systems, 122411; 1:1000), rabbit polyclonal anti-PKC␣ (Santa Cruz Biotechnology, sc-10800; 1:100), Alexa 488-conjugated goat anti-rabbit secondary antibody (Invitrogen), and Cy-3-conjugated goat anti-mouse secondary antibody (Jackson Immunoresearch). To quantify immunofluorescence, the average fluorescence intensity was measured in a region of interest drawn around the synaptic terminal of a PKCpositive bipolar neuron and divided by the fluorescence intensity in the same region displaced to the side of the terminal.
Electron microscopy. In experiments to examine individual physiologically characterized bipolar neurons by electron microscopy, dissociated bipolar cells were plated onto Aclar film (Electron Microscopy Sciences). After whole-cell patch-clamp recording, the patch pipette was removed from the cell, and solution containing 2.5% paraformaldehyde and 2.5% glutaraldehyde was superfused from an application pipette. After 10 min of superfusion, the application pipette was removed, and the entire solution was replaced with the fixative solution. To facilitate identification of the recorded cell after embedding, the patch pipette was then used to etch a rectangle in the Aclar surrounding the recording cell. Cells were fixed overnight at 4°C, postfixed in osmium tetroxide, and embedded and sectioned for electron microscopy (LoGiudice et al., 2008) .
Results

Cplx3 but not Cplx4 is detectable by immunostaining in synaptic terminals of ON bipolar neurons dissociated from mouse retina
Only Cplx3 has been reported to be detectable in synaptic terminals of ON, rod bipolar neurons in mouse retina (Reim et al., 2005 Landgraf et al., 2012) . For physiological experiments, described below, we used acutely dissociated ON, rod bipolar neurons, identified by their distinctive morphology. To confirm the identification of ON cells, we immunostained dissociated cells using an antibody against PKC␣, which marks ON bipolar neurons. Examples of labeled bipolar neurons are illustrated in Figure 1 , showing their intact morphology after dissociation. In addition, we double-labeled PKC-positive bipolar neurons with anti-Cplx3 or anti-Cplx4, and we found strong immunostaining for Cplx3 in the terminals (Fig. 1A) , as expected from the previous reports. The ratio of anti-Cplx3 fluorescence intensity in the terminal to the adjacent background intensity was 2.9 Ϯ 0.2 (mean Ϯ SEM; N ϭ 25), which is significantly higher than the fluorescence observed when the Cplx antibody was omitted (ratio, 1.04 Ϯ 0.003; N ϭ 21; p ϭ 1.2 ϫ 10 Ϫ7 by two-tailed t test). As shown in Figure 1B , anti-Cplx4 fluorescence was negligible in PKC-positive synaptic terminals ratio, 1.07 Ϯ 0.02; N ϭ 22) and was not significantly different from the ratio with secondary antibody only ( p ϭ 0.21; two-tailed t test). Therefore, within the sensitivity of immunocytochemistry, only Cplx3 was detectable in synaptic terminals of ON, rod bipolar neurons.
A peptide consisting of the SBD of Cplx3 increases spontaneous synaptic vesicle fusion
Since one function of complexins at conventional synapses is to stabilize spontaneous release, we next asked whether ribbon-specific Cplx controls the rate of spontaneous vesicle fusion in mouse bipolar neurons in the absence of stimulation. To acutely interfere with Cplx function, we used a synthetic peptide consisting of the SNAREbinding region of mouse Cplx3 (Cplx-SBD; ATLRSHFRDKYRLPK; Vaithianathan et al., 2013) , which is highly conserved in all four Cplx isoforms. As controls, we synthesized a peptide (Cplx-SBD/3A) in which three critical residues required for binding to the SNARE complex were mutated (ATLASHFRDAARLPK), and a peptide consisting of the same residues as Cplx-SBD in scrambled order (Cplx-SBDscr; RSLYLRKPTADRFHK). Results using the two control peptides were indistinguishable and were combined. Peptides (10 M) were applied via dialysis in whole-cell recordings, with the patch pipette placed directly on the synaptic terminal, as shown in Figure 2A . In experiments with unlabeled Cplx peptides, fluorescent Ribeyebinding peptide (Zenisek et al., 2004) was included in the patch pipette to mark ribbons ( Fig. 2A) . In other experiments, Cplx peptides were labeled at the N terminus with 5-carboxyfluorescein to confirm the effectiveness of dialysis.
To monitor spontaneous neurotransmitter release, synaptic vesicles were stained by activity-dependent uptake of FM4-64 (Logiudice et al., 2009) , as illustrated in Figure 2A . After break-in to begin whole-cell recording, cells were held under voltage clamp at Ϫ65 mV to prevent activation of voltage-gated calcium channels, and dye loss was measured as an index of spontaneous vesicle fusion. Under these conditions, FM-dye fluorescence in the synaptic terminal was relatively stable in the presence of control peptides (Fig. 2C) , indicating that little spontaneous synaptic vesicle exocytosis occurred. However, in the presence of Cplx-SBD, fluorescence declined steadily after break-in (Fig. 2 B, C) , consistent with ongoing vesicle fusion despite the absence of calcium influx. Therefore, Cplx-SBD but not control peptides increased the rate of spontaneous release.
As an independent index of spontaneous synaptic vesicle fusion, we measured the change in membrane capacitance of the synaptic terminal in the presence of Cplx-SBD or control peptides, while holding the membrane potential at Ϫ65 mV under voltage clamp. In the presence of 10 M Cplx-SBD, capacitance rose after break-in to an asymptotic increase of 217 Ϯ 20 fF (N ϭ 11) within ϳ40 s (Fig.  2D) . With control peptides, there was a significantly smaller increase of 66 Ϯ 32 fF (N ϭ 11; p ϭ 0.001, two-tailed t test). Series conductance did not change significantly in either condition (Fig. 2E) . The capacitance increase in the presence of Cplx-SBD is consistent with a higher rate of spontaneous synaptic vesicle exocytosis. Because FM4-64 fluorescence continued to decline steadily in the presence of Cplx-SBD (Fig. 2C) , long after the capacitance increase had reached asymptote, the plateau of the capacitance shown in Figure 2D likely reflects a balance between ongoing exocytosis and endocytosis, not cessation of vesicle fusion.
Increased spontaneous release could reflect elevated intracellular calcium in response to Cplx-SBD. However, basal fluorescence of the calcium indicator fluo-2 (100 M) was similar in the presence (931 Ϯ 215 arbitrary units; N ϭ 6) and absence of Cplx-SBD (756 Ϯ 131 arbitrary units; N ϭ 7; p ϭ 0.49; two-tailed t test). Since Cplx-SBD does not elevate internal calcium, we suggest that it enhances spontaneous release by interfering with a clamping effect of native Cplx on calciumindependent vesicle fusion.
Cplx3-SBD decreases release evoked by depolarization
We next examined capacitance changes elicited by activation of calcium current under voltage clamp, to assess the effects of Cplx-SBD and control peptides on evoked fusion of synaptic vesicles. Examples of calcium current and changes in membrane capacitance (C m ) and series conductance (G s ) evoked by 500 ms depolarization are shown in Figure 3 A, B for control peptides and Cplx-SBD, respectively, and Figure 3C summarizes the results. Although calcium current was not affected by Cplx-SBD, the inhibitory peptide significantly reduced the capacitance increase elicited by activation of calcium current (Fig. 3C) . We therefore conclude that acute interference with Cplx3 decreases evoked release at mouse bipolar cell ribbon synapses, consistent with interference with a facilitatory action of Cplx3 on stimulated exocytosis.
We also assessed evoked release in mouse bipolar cell terminals using FM4-64 destaining in terminals that were preloaded with the dye. To measure FM-dye loss, four to eight confocal images of the entire terminal were collected, followed by a 500 ms depolarization from Ϫ65 to 0 mV, and then another four to eight confocal images, as illustrated in Figure 3D for control peptides and in Figure 3E for Cplx-SBD. The drop in FM4-64 fluorescence in response to depolarization provided an index of the amount of vesicle fusion triggered by the stimulus. As shown in Figure 3F , the percentage decrease in FM4-64 fluorescence in the presence of Cplx-SBD was significantly less than the destaining in the presence of control peptides. This result is consistent with the reduced capacitance change observed with Cplx SBD, providing further indication that Cplx3 facilitates evoked exocytosis at mouse bipolar cell ribbon synapses.
Electron microscopy of cytoplasmic reserve synaptic vesicles and ribbon-associated synaptic vesicles
Decreased evoked release produced by Cplx-SBD could reflect a reduction in the number of synaptic vesicles associated with synaptic ribbons, which are thought to constitute the readily releasable pool (Matthews and Fuchs, 2010) . To examine this possibility, mouse bipolar neurons were dialyzed via a whole-cell patch pipette with Cplx-SBD or control peptide while held at Ϫ65 mV without stimulation, and then fixed and examined by electron microscopy. Vesicles on ribbons were visualized using stereograms of single ribbons (Fig. 4A) to better resolve overlapping vesicles within a section. Similar numbers of vesicles were associated with ribbons in the presence of Cplx-SBD and control peptide (Fig. 4B) , suggesting that reduced evoked release with Cplx-SBD reflects impaired exocytosis of vesicles in the releasable pool, rather than a smaller pool size. We also measured the density of synaptic vesicles in the cytoplasm, not associated with ribbons, and found that this reserve pool of vesicles was significantly reduced by Cplx-SBD compared with control peptide (Fig.  4 B, C) . Decreased cytoplasmic vesicle density is consistent with the steady-state transfer of vesicle membrane to the plasma membrane caused by elevated spontaneous fusion in the presence of Cplx-SBD, which generated an increase in membrane capacitance (Fig. 2D) corresponding to ϳ7000 synaptic vesicles. We estimate from electron microscopy that the total vesicle population in the terminal falls by ϳ5900 with Cplx-SBD, approximately equivalent to the capacitance increase.
Discussion
The inhibitory peptide Cplx-SBD enhanced spontaneous release in mouse retinal bipolar neurons, measured both by destaining of FM4-64 and by increased steady-state membrane capacitance. A simple interpretation is that Cplx-SBD interferes with a stabilizing influence of native Cplx on the pool of releasable vesicles in the absence of stimulation, as suggested previously in studies of zebrafish bipolar neurons and photoreceptor cells, based on destabilization of spontaneous release by peptide interference and antisense morpholino knockdown of Cplx (Vaithianathan et al., 2013) . Because Cplx3 is the principal subtype detected in mouse bipolar neurons (Fig. 1) , Cplx3 may act at bipolar cell ribbon synapses to arrest partially zippered SNARE complexes and prevent full fusion in the absence of stimulation, in the manner suggested for Cplx1 and Cplx2 at conventional synapses (Brose, 2008; Maximov et al., 2009; Xue et al., 2010; Hobson et al., 2011; Martin et al., 2011) .
The suggested stabilizing action of Cplx3 on spontaneous release at ribbon synapses is at odds with previous work in which Cplx3 was unable to restore the normal rate of spontaneous release at conventional synapses of CNS neurons after knockdown of Cplx1 (Kaeser-Woo et al., 2012) , a failure that was attributed to differences in C-terminal domains of Cplx1 and Cplx3 (Yang et al., 2013) . One explanation of the discrepancy is that Cplx function varies across cell types and species, a point emphasized by Yang et al. (2013) . Therefore, Cplx3 might behave differently in its normal context at ribbon synapses, perhaps because of molecular differences between conventional and ribbon synapses, such as the presence of different syntaxin subtypes (Curtis et al., 2008 (Curtis et al., , 2010 . Another possibility is that Cplx3 does not in fact affect spontaneous release at ribbon synapses, and binding of Cplx-SBD to SNARE complexes directly induces spontaneous exocytosis in some manner that does not involve competition with native Cplx3. The latter possibility could in principle be tested in future work by applying Cplx-SBD in Cplx3-knock-out cells to determine whether it is still capable of increasing spontaneous release.
In addition to increasing spontaneous release, Cplx-SBD also reduced evoked synaptic vesicle fusion in terminals of mouse bipolar neurons, measured both by FM4-64 destaining and by capacitance responses. In this regard, the action of Cplx-SBD differs from its effect in zebrafish bipolar neurons, where Cplx-SBD did not affect evoked release (Vaithianathan et al., 2013) . The reason for this species' difference is unclear, but one possibility is that multiple Cplx3/4 subtypes might be expressed in zebrafish bipolar neurons (Zanazzi and Matthews, 2010), one or more of which might be less sensitive to interference by Cplx-SBD. The effect of Cplx-SBD on evoked release shown here suggests that Cplx3 acts on evoked release at mammalian ribbon synapses much like Cplx1/2 at conventional synapses. That is, binding of Cplx3 to the SNARE complex facilitates subsequent fusion in response to calcium influx. A dual effect of Cplx3 on both spontaneous and evoked release at mouse ribbon synapses is similar to the dual roles reported for complexin at invertebrate synapses (Hobson et al., 2011; Martin et al., 2011) , which underscores the conservation of complexin function across species, even for an isoform, Cplx3, that has been proposed not to stabilize spontaneous release (Kaeser-Woo et al., 2012; Yang et al., 2013) .
Electron microscopy showed ϳ20% loss of reserve synaptic vesicles in the presence of Cplx-SBD, consistent with elevated spontaneous release. Despite this reduction in reserve pools, the number of vesicles attached to ribbons was unaffected by Cplx-SBD, which suggests that the remaining reserve vesicles were sufficient to fully populate ribbons. Since the vesicles attached to ribbons are thought to represent the readily releasable pool (Matthews and Fuchs, 2010) , depletion of the reserve pool is unlikely to account for the reduction in evoked release in the presence of Cplx-SBD. We suggest instead that the effect of Cplx-SBD on evoked exocytosis stems from interference with a facilitatory effect of native Cplx3 on calcium-triggered fusion.
Previous work on Cplx3 and Cplx4 double knock-out (DKO) mice has shown that the b-wave of the electroretinogram is reduced , suggesting impaired synaptic transmission from photoreceptor cells to ON bipolar neurons. In addition, On and Off responses of retinal ganglion cells are differentially decreased in DKO mice in an intensity-dependent manner (Landgraf et al., 2012) , which was interpreted to indicate little functional effect at ON bipolar cell synapses in DKO animals. However, loss of Cplx3 and Cplx4 affects multiple synaptic sites in retinal circuitry, including photoreceptors, bipolar neurons, and AII amacrine cells (Landgraf et al., 2012) , making it difficult to assign a precise synaptic function for these Cplx subtypes based on overall circuit behavior. An additional complication is that our results predict that spontaneous release would be elevated at synapses of photoreceptors and bipolar cells in DKO retina, providing an illumination-independent signal that mimics darkness in the case of photoreceptors and OFF bipolar cells and light in the case of ON bipolar cells. Therefore, reduced preparations, like ours, that allow direct measurements of synaptic vesicle fusion at a single synapse are more straightforward for determining the physiological roles of ribbon-specific complexin subtypes.
